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CALIBRATIONOFAM!~ UNDERPRESSUEUZCONDITIOIYS

SIMULATINGDIKESMD CLJMES

ByDanielP.Johnson

smMARY

A methodhasbeendevelopedfor’thedynamiccalibrationofaneroid
altimetersunderconditimsofrapidlychangingpressuressimulating
pressureconditionsin oMnW ~a dives.It consistsessentia~in
photographing,understroboscopicli@ts,thealtimetersandan especially
desi~edllquldmanometer,whichmeeauresthedifferencebetweenthe
rapidlyohan@ngpressuretowhichthealttietersaresub~ectetlandan
acourate*knownconstantpressure.Theprobableaccuraoyofthemethod
isabout*3 feetat lowratesand*10feetat 30,000feet~erminute. ——

Testsweremde ofthreetypesof sensitivealtimeterandtwot~es
ofprecisionaneroidbarometer.Thebarometerswerefoundtobe stitable
forusem seoondarystandardsandhavebeenusedto calibrateelectrical
contactingaltheters.Thealtimetersweretestedat roomtemperatureti

* theoyclicstate,inpressurecyolesofrangesup to 30,000feet.
Observationswereat simulatedratesof clinibanddescentfrcunabout
1000feetperminutetotirethan30,000feetperminute.

h
At ratesofaltitudeohangebetween500and3000feetperminute,the

lagvariedfrom5 to 50feetforvariousaltimeters.At 30,0@0feetper
minute,thelagrangedfromabout30feetforthebettersensitive
altimeterstomorethan100feetIn erratic5mkmmemts. Thelagvaried
Irregularlywithaltitude,butat anygivenrateandaltimeterreaMngthe
reproducibilitywasabout~ feet.

Highcorrelationswerefoundbetweenthelagsat lowratesandthose
athighratesandbetweenthelagandtheCoulonibfrictionsmeasuredby
vmiousmthode. Theforcesinvolvedh thedecayoftransientoscil-
lationsaccomtedforonlya small@t ofthelag.

On thegroundsofefficiency,productiontestsshouldbe Urec%ed
towardselectinginstrumentsof relatively low kg rather * attqtb
detailedmeasurementsofthelagin erraticinstruments.
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problemofobtainfngtheinstantaneousvalueofthealtitudeof
duringa climb,dive,or othermaneuverinvolvlngrapidchanges

inaltitudeis–frequent~enc&nteredinfli@ testing&d.&rvice.–
Thedeterminationofaltitudebymeansofananeroidaltimeterunder
suchconditionscanbebrokenintothreeparts:(a)thetransferofthe
truestaticpressurefromtheatmsphereto theaircraft,whichinvolves
properdesignandlocationofthestatictubetoreduceitstistallatlon
error;(b)therelationofthepressureinthestatictubeto thatat
theinletofthealtimeter,whichinvolvesInowled@ofthepressure
dropsintheconnectinglines;and(c)thedeterminationof theerrors
ofthealtlmeteritselfundertheconditionsof use.

Theinstallationerrorofthestatictubehasnotbeendetermined
directly.Apparentlythismustbe obtainedfroma measurementofthe
totalerrorinaltitudeby subtractingoutthepressuredropandalt~-
etererrors.The~essuredropintheconnectingtubinghasbeen
studiedexperimentallyand.theoreticallyby a numberofauthors.(see
referencesI to k.)

Muchworkhasbeendoneon thevariouserrorsof thealtdmeter
itseM?.In thecaseoftheaneroidaltimeters,proceduresarewell
establishedformeasuringtheeffectsoftemperature,acceleration,
vibration,andsoforth.Errorsinthescaleofithealtimetersand
errorscausedbyhysteresisandby driftareusuallydeterminedby .
applyinga statdcpressureina numberof steps,andcomparingthealtitude
indicatedby thealtdmeterwiththatgivenby a standardaltlmeterfor
eachvalueof staticpressure.Theerrorcausedby changingpressure .
withtime,as ina cllnibor dive,hasbeenest~ted fromobservations
oftheoscillatoryresponseofthealtimeterto a suddenpressure
change.(Seereference5.)

A moredirectapproachtothedeterminationoftheerrorsinclimb
anddiveisto setuppressurestandardssuitableforcalibratingaltim-
etersunderpressuretiondltionssimibrtothoseInwhichtheyareto
be used. It shouldbepossibleto subjectthealtheterto anypressure
chan~swithinItsran-, atratesofpressurechangeas greatas canbe
encounteredinservice.An accuracycampazablewiththatoftheordinary
scalecalibrationisdesirable.It isthepurposeofthispaperto
describesucha pressurestandard,itsusein calibratingaltimeters,and
@rtimlarlyitsuseinstudyingtheeffectonthescalecorrectionof
rateofpressurechange.

Theauthoreqmesseshisindebtednessto themembersofthestaff
oftheNationalBureauofStandardsfortheirassistanceendadvice,in
particular,toE. O. Sperling,whodesignedtheballcheckvalvesused
inthecheck-valvemanometer;toF. C!orderojwhomadethecheckvalves

.

.
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.
forthemanometerusedinthesetests;toA.Wexler,whosup@iedL
thedataonthecalibrationofthetwocontactingaltimeters;to

h H. B. Hendrickson,D. 1. Steele,endV. H. Coerlm,whoassistedin
-c ca~brationruns;endtoMerledel?ovens,whodidmuchof
laboriouscomputationsinvolvedinthetests.

3

the .
the

ThisinvestigationwasoonductedattheNationalBureauofStandards
underthesyonsorshlpandwiththef~oial assistanceoftheNACA.

DE3!’IIWI!IOI%S

Thedirectdeterminationofthescalecorrectionsto be appliedto
altimeters under conditionsof contlnuous~chenglngpressurehereinis
called&nemicc~ibrationto distin~shitfromthestaticcalibration
inwhlohpressuresareheldconstantwhenreadingsaremade. Theresults
ofa calibrationmaybe expressedintermsof correctionsobtainedby
subtractingthereadingofan altimeterfromthepressurealtitude,that
is,thealtitudeintheU. S. StandardAtmospherecorrespondingto the
trus~ressure.(Seereference6.) If thecorrectionisobtainedina
-o ca~brationit istemneda dmamtccorrection;if ina static
calibration,a Staticco=ectd.on.In general,thedynamicscale
correctiondependson thedireotionend?.ateoftheyressurechangeat
thetimeofreadhg,onthem@tud6 ofthechangeinpressure~ust
beforethereading,and,to a lesserextent,onthehistoryofthe

. instrumentbeforethepressurechange.h thedynamiccalibrations
described,thepressureswerechangedsothatthereadingsof thealtim-
eterschangedat a mibstsntiallyconstantrateandsimulateda constant

. rateof clinibordive.

The~ is definedasthedifferencebetweena correctionobtaine&
ina dynamiccalibration,withpressurechanging,end the correction in
a staticcalibrationobtainedat thesamereading.Bothobsermtions
shouldbemadeunderslmilsrconditionsasregardsprevioushistory.
Thelagmaydependonthe~te ofpressurechange,onthereadingof
theInstrument,onthecondlticmsofvibration,andsoforth.

~ thepresenttestsitwasfoundthatthereproducibilityofa
oallbrationat a simulatedrateofaltitudeohangeof about1000feet
perminute was somewhat betterthanthereproducibilityofa static
calibration.Therewasno significantvariationof correctionsinthe
rangebetween600and3000feetperminute.Correctionsobtatnedat
ratesinthisrangearetermedslowdynamiccorrectionsandnaybe used
as a referenceforcorrections=ined athigherratesofaltitude
change.Thedynamic~ isdefinedas the&Lfferencebetweenslow

.. *C oorreotions andthe@namiccorrectionsobtainedat a hi@er
Thedynemiolagisthereforethatpartofthelagof analtlmeter

whichdependson the rate ofaltitudechange.Thedynamiclagofan
. —

—
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altimstermaybe a funotionofthereadingofthealtimeterandthe
~ directionandrateof changeofaltitude.ThevalueofthelagIs

8 positivewhentheoorrectlonat thehi~er rateismore positiveIn .
ascentornre ne~tiveindescent.Withthisdefinitionofsignsthe
hysteresisis greater.atthehi@er rateifthelagIspositive.

Altimeterareusua~ calibratedintherestedstate,thatis,
afterhatingbeenat or nearatmospheric press=r=east 16 hours
beforethetest.,Thisapproximatestheservicecond.ftioninwhiohthe
airoraftmakesa singleflightina day.

If a cycleofpressureohangesisrepeated,thecorrectionsinthe
seconflcycletilldiffersomewhatfromthoseinthefirst.lifter a
nudberof oyelesythecorrectionswI1.1havestabilizedaboutnewvalues,
withlittleohan~insubsequentcycles.ThealtlmeterIsthensaidto
be inthecyclicstatewithreferencetopressurecyolesofthatrange.
Six pressure cycl=y be consideredsufficienttoputanalt~ter im
thecyolfostate.CalibrationsInthecycllcstatearevaluableInthe
laboratorywhereanaltimetermaybe usedina JAW* numberoftestsIn
a day. h servloefli@s, thecycllostatemaybe approximatedwhen
a maneuveruhiohinvolvesanaltitudeohangeisexecutedrepeatedly. —
& a pressureoycleooveringthsfullrangeofen altimeter,the
hysteresisobservedwhenthealtlmeteris inthecyd.icstateIsusually
about60peroentofthatobservedintherestedstate.

2RocEnuREA.mAPPARmus

Themethodofdeterminingthedynamiccorrectionsnearanygiven
testpointconsistedessentiallyinphoto~aphin&at definiteshort
timeintervals,theread.in~ofthealtimetersundertestandthellquid
levelsIna manometerwhichmeasuredthedifferencebetweentherapidly
changingpressuretowhlohthealt~ters weresub~ectedandthesub-
stantiallyconstantpressuremaintainedina largeballasttank.Rates
of cldmbor descentweredeterminedfromthetimeintervalandtheohange
ofreadingbetweensuccessiveobservations.Theabsolutepressurein
theballastvolumewasdeterminedby reatingsonthestandardmercurial
barameter.

A schematiclayoutoftheapparatusisshowninfigure1. The
instrumentsundertestwereconnectedbya manifoldtoa ballastvolume,
theleftlegofthecheck-valvemanometer,andthecontrolvalvebywhich
therateofpressurechangewascontrolled.Thevalvecouldbe connecied
toa pressurelineor suctionllnebymeansofa two-waystopcock.A
sensitivealtimeter,connectedintothesystemneartheoontrolvalve,
wasusedas a monitorincontrollingthepressureohange.Therightleg
of thecheck-valvemanmeterwasconnectedtoa secondballast-volume,

.

to thestandardbarometer,andto controlvalvesInthesuotionand
.
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pressurelines.Thecheck-valvemanometer,thetistrumentsundertest;
.aclock,anda thermometerweregroupedin thefieldof a camera,ill~
natedby stroboscopiclights,andenclosedonallsidesbyblackcurtains.

In operation,thepartofthesystemconnectedto therightlegof
thecheck-valvemanometerwasstabilizedat the~ressurenearwhich
dynamicobservations,weredesiredandthestandardmercurialbarometer
wasadjustedforreadingsat thatpressure.Theinstrumentsconnected
to theleftlegof themanometerwerecarriedthrou@thedesired -
sequenceofpressurechanges.Thecontrolvalvewasusedtomaintainthe”
desiredrateof pressurechange,as detemmlnedby tiiningthepointerof
themonitoraltimeter.

WhenthedifferencebetweenthepressuresinthetwosidesoPthe
systemcamewithinthedesiredrange,as indicatedby thecheck-valve- ‘-
manometer,photographicexposuresweremaderecordinga.seriesof
observationsof theinstruments.At thesametimethemercurial
barometerwasreadtodeterminethepressureontheright-handsideof
themanometer.

Thestroboscopicli~ts whichilluminatedtheinstrumentswere
flashedat convenienttimeintervals.If thereadingsof theinstruments
changedbetweensuccessiveflashes,multipleimagesappearedon the
negative.SincethepointersandgraduationsofalJthe“altimeters
werewhiteon a blackbackground,legiblepioturescouldbe obta_ined
withasmanyas ‘1Osuchkges ona singlenegative.In general,it.
wasfoundthatthenumberof usefulimageswaslimitedby thedifficfity--
of establishingwhichoftheimagesofthevariowinstrumentswere
simultaneous.!I!hiswasusubllydoneby waitinguntilthecheckvalves
hadopenedandthetopsofbothliquidcolumnswerevisible,then
openingtheshutterfornotmorethan10f~she~withan altituderange,
wellunder1000feet.Thefastpointerofa.sensitivealt~-te~us
madelessthanonefullrevolution,sothattherewasno confusionfrom
overlapping.Thedirectionofthepressurechangewasrecordedinthe
logofthetests.Theinitialimageof allinstrumentswastherefore
identifiableandsubsequentimagescouldbe locatedby counting.

Thetimingoftheflasheswascontrolledby a relaxationoscillator
whichwaslockedinonthe60-cyclelinefrequency.Forratesof cl~b
ordescentgreaterthan,about12,000feetperminute,thelampswere ‘
flashedfivettiespersecond.Forlowerratestheywereflashedcmce
persecond.At rateslessthanabout3000feetperminutethecamera
shutterwasopenedforoccasionalflashes.Thenumberof secon~s-letween
pictureswasindicatedby theclock.

Satisfactoryilluminationof themeniscusof themanometerwas
obtainedby theuseofa lightplacedabout2 feetbackofthemanometer
andjustbelowthelineofsight.Lightwasreflectedintothecamera
fromtheair-liquidinterfaceatthebottomofthemeniscusand“produced

.—

.—

.- —
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a shortllneonthenegative.Lightwasaleorefractedintothecamera
by thewedgeof liquidneartherimofithemeniscusandproduceda
lighterlineextendingclearacrossthetube.Sincethemanometerwas .
viewedagainsta darkbackgroundandtherewereno lightsourcesat
thesamelevel,reflectionsfromthecylindricalwallsof themanometer
arenotconfusinginthephotographs.Theothe~lnstrumentswere
illuminatedbya secondlightplacedabovethecamera. —

Fiveobservationsat a lowrateofaltitudechangearerecordedin
figure2. Accordingto theclock,thefirstwasat-1:53:09andthe
lastat 1:53:30. Thepofntermotionon alltheaneroidinstruments
wasclockwise,withtherightarmofthemanometerfalling.Thechange
inpressurealtitudewasabout387feetinthe21-secondinterval,
equivalentto a rateof cltibof’about1100feetperminute.Xn the
imagesof themeniscus,theshortLineat thebottomandthelonglime
atthetoparevisible.

In figure3, theconditionsweresi.mllartothoseinfigure2
exceptthattherateof climbwasabout30,000feetperminute.Flashes
wereat intwrvalsofone-fifthof a second.Thepointerofeachaltim-
eter movedabout100feetinthistime.

Check-Valvelk.nometer

Detailsofthecheck-valvemanometerareshowninfigure4. The
tubesareofprecision-boreglasswithan Insidediameterof0.554-inch.
Theyareassembledintothebrassbaseandtopsectionsardclamyed

.

againstgaskets.Theflowof liquidisdampedby a @-mesh-per-inch
screeninthebase. Checkvalvesintheto~sectionspreventtheliquid
fromspillingoverunderlar~ differentialpressures.Thesevalves
consistofhollowglassballsabout7 milltietersIndiameterwhichfit—
intoglassseats.Theballsarelightetioughtofloatinwaterandare

.-

soaccuratelygroundandfittedtotheseatsthatthereisno obse~able
leakagewhentheyarepushedagainsttheseat.Theballsareprevented.
fromboppingintothetubesby wireretainers.Whenthedifferential
pressureis large, thecheckvalvescloseandtheliquidisretaine~in
themanometer.Whenthedifferentialpressurefallswithintherangeof
themanometerthecheckvalvesreleaseandbothliquidlevelscanbe
observed..

.

Theheightsin thetwolegsofthemanometerwere scaledonthe
negative.Correctionforshrinkageofthefilmwasdeterminedby
measuringa scalemountedbetweenthelegsofthemanometer.Thescale
intervalwasdeterminedby directcomparisonswiththemercurial
barometerandwasfoundto checkwiththatobtainedframthenominal

—

densityoftheliquid. .- .— —.-.-

Thereadingsofthemanometermadewhenlevelswerechanginga&a--
---- .

constant--ratewerecorrectedforthepressuredropacrosstherestriction
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requiredtomatitainthe,flowqf liquidfromc&esideofthemanometer
totheother.Themagnitudeofthiscorrectionwasdetemninedby a
continuous-flowe~eriment.Theglasstubesof themanometerwere
replacedby tubesinwhichpressuretapswereinsertedandtheball
checkvalvesremoved.Liquidina continuousflowwasforcetlthrough
themanometerendthepressuredropbetweenthetwopressuretaps
measuredas a headofthesameliquid.Ratesofflowcorrespondedto
thehighestandlowestencounteredintheoperationof themanometer.
Liquidswereusedwithkinematicviscositiesrangingfrom1 to20 centi---
stokes.Alltheobservedpressuredropscouldhe representedby thesum
oftwoterms,oneproportionaltothekinematicviscosityandtothe
firstpowerofthevelocityandthesecondproportionaltothesquare
ofthevelocity.Withnormalbutylphthalateat25°C, thecorrection
was0.4millimeterofmercurywhenthereadingofthemanometerchanged
ata rateof5 millimetersofmercury persecondandwas1.$2milltieters
ofmercuryat a rateof20millimetersofmercurypersecond.

Themanometerwasfilledtithnormalbutylphthal.ate.Thisliquid
waschosenbecause:(a)it istransparentsothatilluminationofthe
meniscusby intei’nalreflectionwasyossible;(b)Itsdensity(1.045)is”
lowenoughto obtaina sensitivitycomparablewiththatofa water ~
manometeryethighenoughtofloattheglassballsinthecheckvalves;
(c)itsviscosity(about16 centistokesat roomtemperature)is such
thattheeffectof drainageof liquidfromthewallEisnotseriousand
yetviscousdampingisobtainable;(d)itsvaporpressureislow;(e)it
isnotcorrosive; and(f)itwebstheglasswa~s ofthetubesothat
themeniscusis.
longtime.

Thetheory-
theappendix.

&table-e~enafterthe&nometerhasbeeninusefora
—

governingtheoperationofthemanometeris givenin

Friction —

Thefrictionwithoutvibrationwasdeterminedat thepressure
correspondingto theapproximatemidpointsof thealtituderangesin
whichlagmeasurementsweremade. Thepressurewasfirstincreased
enou@ to causethealtitudereadingto decreaseby 200to 300feet,
thendecreasedslowlyto theoriginalvalueandheldconstantwhilethe
altimetersandaneroidbarometerwerereadbeforeandaftervibration.
Similarreadingsweremadeafterthepressurehadbeendecreasedand
thenincreasedslowlyto theoriginalvalue.

FreePeriod,Damping,andCoulombFriction

Thefreeperiodswereobtainedby applyingto thepressureinlets
of theinstrumentsa pressurewhichvariedsinusoidal.ly.As the

..-—

frequencyofthepressurefluctuationwss varied,theamplitude and
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phaseofthepointerfluctuationswereobserved.Theratioto critical
darqingand“theCoulombfrictionwerecalculatedby themethodof
reference5 fromobservationsofthepointeroacill.aticmfollowingthe .
suddenreleaseof a small pressureappliedtotheinletsof the
instruments.Theseobservationsweremadeat atmosphericpressure and
room temperaturewithvibrationcomparablewiththat02thelagtests.

ViscousDampingEffect

Thelagdue to”viscousdampingLt wascalculatedfromtheformul-a:

Lt = XPr/fi

where’

h ratioto criticaldamping

P freeperiod

r rateofaltitudechange

PRlM4RYDYNAMICCAL13RATIONS

—

—.
—

Dynamiccalibrationswere madesimultaneouslyon eightiensitive
aircraftaltimetersandoneprecisionaneroidbarometer,usingthe
check-valvemanomdersystemas a primarystandard.Separatecali-
brationsweremadeofa Wallace& Tiernanprecisionaneroidbarometer.

3Allthesensitivealtimetershad2 -inch~,als,graduatedto
10feet,withthemainpointermakingonerevolutionforI.,000feeti.
Altimeters839and8h wereKollsmanaltimeters0235,000-~ootrange,
5373,5374,and5375Wre Ko~~manalt~ters of5ojoo0-$ootran~j
and5384,5385,tid5386werePioneeraltimetersof 35,000-footrange.
Altimeter~ wasbuiltin1937andtheothers,about1942.

The6-inchaneroidbarometershowninthelowerright-handcorner
offigures2 and3 wasoneoftwobuilt@ 1934by theKollman ‘

—

InstrumentCompanyfor.useintheNational~ographicSocietyand
—
—

U. S.ArmyAirCorpsStratosphereFlightof 1935(reference7). This . ~~
instrumenthada rangefromO to800millimetersofmercuryineight
revolutionsofthemainpointer,wasgraduatedto 1 millimeterof
mercury,andcouldbe readeasilyto0.1millimeter”ofmercury.Itwae
nottemperaturecompensatedandthecorrectlonaonbothtemperatureand
pressurescalesweresolargethatcorrectionshad.tobe appliedeven
forroughreadings.

—.
Thecalibrationof thisaneroidbarometerhasbeen .

.
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remarkablystable.Forexample,atan indicatedtemperatureof 17° C
anda readingof750millimetersofmercury,thecalibrationofMayl~j~
gavea correctionof9.8 mi~imetersofmercury;inSeptember1935the
correctionwas10.2tilltietersofmercury;inAugust1938itwas ._.
9.0millimetersofmercury;inApril1945,9.0mll~metersofmercury.- ‘-
Thecurvesofthe1935calibration(reference7, p.222)areusedat
presentforinterpolationbetweentherelativelywidelyspacedpoints
ofrecentcalibrations.As shownby thetestsdescribedinthe
followingdiscussion,thisparticularinstrument~swelladaptedfor
useasa secondarystandardbecauseitsdynamiclagisnegligible.

-.

TheWallace& Tiernanprecisionaneroidbarometercovereda ran~
from20 to 10@ tillibarsintworevolutionsof thepointer.The

.

diameterof thegraduatedscaleofthebarometerisabout72 inches.
Thegraduationintervalis1 millibarandthebarometercanbe read
easilyto0.2millibar.Thebarometerwastemperaturecompensated.
Thescaleerrorswerelessthan2 millibars. ~ : —“

Bothprecisionaneroidbarometershavebeenusedas secondary
standardsintestsof contactingaltimeters.Thesewere~0,000-foot
sensitivealtimetersinwhichelectricalcontactshavebeeninsertedto ‘-”-
closean electricalcircuitatpredeterminedpressures.

In thedynamiccalibrationsalJreadingsina seriesweremade
whiletheaneroidinstruments~re beingsub~ectedrepeatedlyto cycles
betweenfixedend-pointpressures.Justbeforetherunsofa given
range,theinstr~entswereplacedinthecyclicstateby sub~ecting

—

themtoat leastsixpress”mecyclesof thesamerange.Thisplaced
allreadingsintheseriesof cycleson tiesamebasis,withregardto
previoushistory.

Runsweremadeat slowrates,thatis,atratesof ascentand
descentbetween600and3000feetperminuteandatfasterratesranging
upto 30,000feetperminute.Someattemptsweremadeto getobser-
vationsat ‘j0,000feetperminute,butsatisfactoryphoto”@aphswere
obtainedinonlya smallpercentageoftheseexposures.

Observationsweremadeatpointsscatteredovera rangeof several
hundredfeetandsufficientlyremoved.fromtheendpointsOXtheyressme ,;
cycleto obtainsubstantiallyconstantratesof climbordescentfor
severalsecondsbeforeeachobservation.Readin~weremadeat thesa.uie -
rateof changeofaltitudeinanascentandthefollowingdescent-. —

Thepressurewasheldconstantatthehighandlowpressureextremes
ofthecyclecnlyforthetimerequiredtomakepreparatiorwfor_the”
readingsto follow.Thistimewas usuallylessthan1 ninuteat the

-—

highestaltitudeandlessthan5 minutesat thelowestaltitudeof.a .... -=
cycle.

...=
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AU thetesfswereconductedat instrumenttemperaturesof
approximately24°C.

Thesensitivealtimetersweresubjectedto vibrationfroma buzzer.
Theintensitywassufficienttomakethe-pointersmovesmoothlyduring
pressurechangesbutnotsufficientto causesignificant-oscillations
ofthepointers.ThelargeprecisionaneroidbarometerwasnQt
vibrated.

Figwres5, 6, and7 showindetailtheresultsofobservationsmade
on.threeofthesensitivealtimetersnearthemidpoint-ofa gOOO-foot
pressurecycle.Qualitativelytheperformanceofallthealtimeters
testedwassimilar.

A quantitativesunmary ofthetestresult~.isgivenintableI. In
ordertoobtainthesedata,plotssimilartothoseinfigures5,6,and7
weremadeforallinstruments.Parallelsmoothcurvesweredrawnthrou@
thepointsforlowratesof changeofaltitude(thosewithshorttai~
inthefigure).Theseparationofthesecurvesgavethehysteresisunder
S1OWdyndc conditions.h tableI aregiventheaverageandmaxtium
valuesof thedynamiclagata rateof30,000feetiperminuteforeach
testpoint.

In general,thedynamiclagforbothdirect-ionsofaltitudechange
wassuchas’to increasethehysteresis.Thehysteresisatithehighrat~-
of changeof altitudewasthereforegreaterthanthatfurlowratesby
anamountiequaltodoublethedynamiclag. Forcomparison,thereis
given thestatichysteresisbasedonobservationsinwhichthepressure
hadbeenheldconstantforabout1 minutebeforereadingthestardar~
barometerandphotographingthealtimeters.Theseobservationswere
madeduring thesameseriesofpressurecyclesas thedynamicmeasure-
men’m,sothattheyarecloselycomparabletithregard totheprevious
historyo~thealtimeters..

TableI showstheresultsofthefrictiontest,thatls,the
averageofthechangesduetovibrationofeachinstrumentobtainedwith
increasingand-decreasingpressures.Thefreeperiodoftheinatrwnents
as determinedfrompointeroscillations,theCoulombfriction,theratio
to internaldamping,andthelagdueto viscousdampingarealsogiven
in tableI foreachinstrument. —

TheWallace& Tlernananeroidbarometerwasgivena separate
-C calibration.Thesetupwasessentiallythesameas thatof
figure1,@th thealtimetersomitted,andthegeneralconditionsof
operationwereshnilarto thoseinthetest~of thealtimeters.The
barometerwascalibratedinthecyclicstate,ina pressurecycle
betweenatmosphericpressureandapproximately4&lmillibars(Oto
20,000ft). It wasalsogiventestsat tworatesofpressurechange,
equivalenttoverticalspeedsof.3000and20,000feetperminute.
Figure8 isoneofthephotographstakenat thehi@er rate.A large

.

—

.

&_
—

———

—

—
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numberof observationswerenadeat pressuresbetween540and
940mtllibars.Figure9 showstheresultsofthiscalibration.The
observedpointsfellso closetogetherthat.YMnyof thecticlesin
thefigureenclosethepointsrepresentingtwoto fourobservations.
Thedataindicatea dpamichysteresisofabout1.5mi~ibarsatthe
lowratesanda dynamiclagof about0.5millibar,correspondingto a
hysteresisofaboutn feetanda lagofabout15feet.Datataken
fromfigure9 ereincludedintableI forcomparison.

TheWallace& Tierr+anbarometerwastobe,usedtomeasurepressures
ina belljarseveralfeetfromit,andthecalibrationthereforewas - ‘–
madewitha lengthoftubingattached.W thefinalapplicationof the
baromter,thesamepieceoftubingwasused.At leasthalfofthe
dynamiclagcouldbeascribedtopressuredropsinthistube.Forthe
mostpart,theirregularitiesinthecalibrationcurvecouldbe repro-
duced h repeatruns;theywereascribed-tolocalirreglbritiesin
theresponseofthepressurecapsule.

DYNAMICCALIBRATIONW3THSECONDARYSTANDARIS

‘Theprocedureoftheprimarycalibrationsis tooelaborateforuse
whentheresultsofthecalibrationoflargenumbersof instruments
mustbe known-diately, as inacceptancetestsorfieldcalibration“-

.—.

of instruments.A precisionaneroidbarometer,forwhichthedynamic “-
characteristicsareknown,hasbeenfoundtobe a satisfactorysecondary“
standard.A photographicrecordofthest~dardahda numberof instru-
mentsundertestcanbemadewhilethepressureischangingas desired.
Thelaborofobtainingthedataaswellasthatofanalyzingit can
therebybe greatlyreduced.

BoththeKollsmanandtheWallace& Tiernananeroidbarometers
havebeenusedintheca~brationof sensitivealttietersofthecon-
tactingtype.Thestandardaneroidb=ometerwasilluminatedby a , ““ ‘-
stroboscopiclightwhichflashedwhentheelectricalcontactsinthe
altimeterswereclosedas thedesiredchangewasmadeinthepressure
to whichthecontactalttieterandthestandardbarometerweresubjected.

DataonthedynamiclagaregivenintableII fortwo50,000-foot,
contactingaltimeters,onerepresentativeofthebetterInstrumentsand

.-.—___

theotherofthosewithexcessivelag: Thepress~e’altitlzd~the _--”“–
contactswereobtainedfromthe!werageoft~ee runsinwhichthe
averagedeviationfromthemeanwas*4 feetforbothinstruments. —
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.
SOURCESOl?ERROR

---—..—

PrimaryCalibrations —r

Theleveloftheliquidineachleginthecheck-valvemanometer”
wasreadtoabout0.002inchonthenegative,whtihcorrespondedto
about0.02millimeterofmercury.Theuncertaintyindetemlning the
conversionfactortomillimetersofmercury isabout0.2percent.The
scaleintervalwascheckedtithin0.5percentby comparisonofthe
check-valvemanometerwitha mercurycolumn.Theover-allerrorin
readingsmalldifferentialpressuresonthemanometerwasestimatedto
be about0.05millimeterofmercury,orabout2 feet,ataltitude~
below10,000feetand0.1millimeterof’mercury,orabout4 feetlin
readingdifferentialpressuresabove5 millimetersofmercury.With
regardtomeasurementsof lagandhysteresis,thiserrorIsrandom.

Thecorrectionforthelagofthecheck-valvemanometerwas
determinedwithanuncertaintyof 5 percentinthecontinuous-flow
measurements.Thelagmeasurementswerecheckedcloselybymeasure-
mentsonthedecayof largeinitialoscillationsofithecolumn.This
correctionmayintroducean errorh thelag of about3 l?ewbat
30,000feetperminuteanda negligibleerrorat lowrates.

Surfacetensioneffectsweremadesmallby choosingtubesof lar~e
bore.Themeniscusformedbynormalbutylphthabtein glassremained. symmetricalandwelldefinedevenafterlonguse. The-effectson the
lagat30,000feet”perminuteofthechangeinshayeof a falling
meniscusandof the.drainageof liquidfromthewallsofthetubeare
intheoppositedirection,of theordero~l foot,””andthereforenearly
cancel.At veryrapidpressurechanges,thechangeof cayillary
depressionwillpredominateandincreasethelagof themanometer.

Thepress”ureintheconstant-pressuresideofthesystemwas
measuredby a mercurialbarometerwhichhada“reproducibilityofabout
0.02millimeterofmercury,orabout1 footofaltitude.

Whentheliquidmovedfromonelegofthemanometeritdisplaced
about25 cubiccentimeters.Thiscauseda pressurechangeinthe
constant~ressuresideofthesystemwhichwastroublesotiinthe,
earlymeasurements.By useofan ~-lit.erballastvolumeinthisside,
thepressurechangewasreducedtotheequivalent-ofabout10feet.
Theabsolutepressureat themidpoint-oftherangeof thecheck-valve
manomet=--couldbe determinedwithanuncertaintyofiatenthtca $ifth--
ofthispressurechange,or 1 to2 feet.

Duringtherapidpressurechangestherewasanappreciableflow
ofairalongthelinesconnectingthevariousinstrumentswiththemani-
foldonthechanging-pressuresideofthemanometer.In addition,while
theliquidwasmcmlnginthecheck-valvemanometertherewasa flowj.n

.-:

—
—

—.

.-—
.—
L-

.-

..—.-

.=
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thelineto theballastvoliuneon theconstant-pressureside.Theyres-““-”
suredroph thelineswaskeptsmallbymakingthemshortandof large”‘–
diameter.Theneteffectonthelagat 30,00UfeetpermfTiuteis
probablynotmorethan2 feet.

Thesuddenflowinthelinesleadingtothemanometeras thecheck
valvesopenedyroducedtransientoscillationsinalltheinstrumentsof
thesystem.ThedampingofthemanometerreducedtheoscillE%”fon5n
thatinstrumenttonegligiblemagnitudebeforethemidpointof it?raggG
wasreached.On theotherhand,theaneroidswereundampedandoscilla-
tionsmayhavepersistedin someofthemttiou@outtheperiodof —.

observation.In thefirstreadingsona negative,errorsofasmuchas.——-—

20 feetmayresultfromsuchoscillations.Afterthemidpointof the
manometerhadbeenreached,theoscillationswereusuallylessthan

—

~ feet. In general,observationswhichshowedindicationsof oscWl-a- -.—
tionwerediscardedwhenotherdatawereavailable.Errorsfrom

.-—
oscillationsareofbothsignsandtheirprinci~aleffectIsto increase
thescatteroftheresultswithoutgreateffecton thevaluesofthelag.
basmuchas theseerrorsarein.theinstrumentundertestandnoth the
absolutestandard,theyshouldbe chargedtothemethod.

Theestimate
calibrationsmade

oferrorsissummarizedintableIIIfordynamic
atpressurealtitudesbelow10,OCQfeet.

SecondaryCalibrations

Whena precisionaneroidbarometeroraltimeteris usedin caLl-
brationzthetransientoscillationsassociatedwiththecheck-valve
manometerareel~nated. For thisreasonthereproducibilityof the ‘“ ‘ ‘-
datamaybe expectedtobe as goodas orbetterthanintheprimary
calibrations.WhenIagmeasurementsarebasedonfastandslowcali-
brationsmsdein closesuccession,theresultsmaybe almostas goodas
fortheprimarycalibration.Thiswouldbe particularlythecaseif
readingswereobtainedinbothdirectionsinthe”sameor successive
pressurecycles.Hysteresisdatasoobtainedshouldalsobe fair-~- ‘—
reliable.Becauseof thepossibilityof shiftsin calibrationinaneroid ._
instruments,lessreliancecanbe placedon scaleerrorsso obtained.

DISCUSSION

Thefollowinginferencescanbe drawnfromthedataPlott9d_.~
figures5, 6j,and7 andgivenintable1. Theseinferencesaresupported ‘–
by theesmminationofthedataontheotherinstrumentsandothertest
points,notgiveninfullbecauseof spacelimitations.

At lowratesofaltitudechangeina givendirection,observations
couldbe reproducedwithan averagedeviationofabout+3 feet.At q
rateof 30,000feet perminute,thereproducibilitywa~about*5—ieet,



14 NACATNNO.1562

Whilethereproducibilitywasfairlygoadat anygivenreadingand.
.

rate,“thelagvariedwidelywithreading.Forexample,observations
-.

madeonaltimeter5385(fig.7),inthefourfastrunsallfelltithin
5 feetof smoothcurvesforbothascentanddescent.Withdecreasing

.

altitudethelagremainednear30feet.On theotherhand,with
.-

increasingaltitudethelagvariedfromabout5 feetat a readingof
4800feettoabout45 feetat a readingof5100feet.Theirregular
variat-lonoflagtithreadingwasabundantlyconfirmedindataobtained

.

intheBecondarycalibrations.Forexample,in.tableII,altimeter746,
thelargestandsmallestlagswereforad~acenttestpoints,lessthan

—

300feetapart.
.-— ..———.

Largelagsareassociatedwithirregularlags.Thedifference
betweenmaximumandaveragevaluesofthelagat”30,000feetperminute ....
isa goodmeasureofthevariationofthelag. Thisdifferenceandwe
averagelaghad thehi+jbcorrelationof0.7. Thiswasalsoconfirmedin -
thesecondary calibrations.

Thereissomeslightindicationofioscillations,witha period
comparablewiththefreeperiodofthealtimeter,superimposedon the
uniformmotionduetothepressurechange;forexample,seefigures>
and7 forthefastrunswithincreasingaltitude.

The50,000-footaltimeterst-tedhada somewhatbger lagthan
the35,000-footaltimetersof eithermake. Of theeightsensitive
altimeters,sixhadaveragelagsat-30,000feetpermdnuteof lessthan I
30feet,withno individuallagobservationas large as X feet..Thiq
probablyrepresents thebestthatcanbe expectedof sensitivealtimeter6 “ ““
of.the3-inchsizeinthepresentstageofdevelopment.Oneof the --
sensitivealtimeters,5374,hadlagsinexcessof I-00feetatreati~
near8700wet.

.*.–
Thatthiscanbe expectedina significantpercentage

ofaltimeterswasindicatedbytestsinwhicha precisiananeroid
—

barometerwasusedas a secondarystandard.

Theper~ormanceof the6-inchaneroidbarometerisnoteworthy.Its
lagwaszerowiththeaveragedeviationofan individualobservation
about*5 feet-.Thisshowsthatitispossibletobuildinstrumentsof
smalllag. Thisinstrument-isconsiderablylargerthanthesensitive
altimetersj anditsscaleis coveredby 8 revolutionsofthefast–pointer
as comparedwith50 forthe50,000-footsensitivealtimeter.Presumably,
theuseofa largercapsulecombinedwithleesg-earing’thanusedinthe
sensitivealtimetersresultsina lowerlagforthisinstrument.

.—
—
—

RelationofLagtotheDecayofTransient-Oscillation ,

Att-emptshavebeenmadeto predict+helagfrommeasurementsof
thedecayofoscillationswhichoccuraftera step-functionchangeof .

pressure.Thesemeasurementsareinsubstantialagreement-h values
predictedontheassumptionofa combinationofretardingforcesdueto .
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viscousdampingandtoCoulombfriction(reference5). Thesesame
retardingforcestillcontributeto laginthecaseofaltitudechange
at a uniformrate.

Thecontributionto thelagdueto theforcesmeasuredinthe
decayoftransientoscillationsisgivenintable1. TheCouloribforce
tillcontributeto thelagat lowratesof ckge ofaltitude=d..!he
viscousdampingforce,whighisproportionalto therateofaltitude

.-_—

change,willcontributetothedynamiclag.

Thelagat 1000feetperminuterangedupto29 feet,as compared
withCoulombfrictionsrangingupto lofeet.TheviscoyE_damp~ng
forceswouldaccountforlessthan10feetof the@namiclag,which

.-.—

rangedup to75 feet.Thecoefficientsof correlationbetweenthe
Coulombfrictionandthelagat 1000feetperminuteandbetweenthe
viscousdamptigforceandthedynamiclagwerepositivebutoftheS@-~
orderastheprobable.errorofthecorrelationcoefficients.Thesmall
correlationandthediscrepancyinmagnitudeindicatedthattheanalysis““”‘-.
referredtowasnotadequateforthepredictionof lag.

Thesurprisinghighcorrelationofmm-ethan0.8wasfoundbetween
thedynamiclagandtheCoulombfrictionforcesobtainedfromthe
analysisof transientresponse.Thiswasdirectlycontraryto expec-

...—..—

tation,sincetheCoulombfrictionwasassumedtobe independentof the ...–—
velocitywhilethedynamiclagisroughlyproportionalto thevelocity.
Thiscorrelationis comparablewiththatbetweenmeasurementsofCouloti
frictionby variousmethodsandevento thatbettienrunsby thesame
methodIn differentportionsof therangeoftheinstruments.Conse-
quentlyitappearsthatthereisa closerelationbetweenthelagand
Coulombfriction.

CausesofLag

Thelagofan aneroidbarometeror alttieterseemsto-bea complex
phenomenonwitha nrmiberof contributingfactorswhichvaryinrelative‘“
impotiancefrominstrumenttoinstrument.Thenat~e_ofcertainof
thesefactorsisrelativelywellunderstood,anditmaybe possibleto
evaluatethemby otherexperiments.

Pneumaticeffects.-Inmanyinstrumentstheentranceconnectionto
thecasecontainsa restrictionto theflowofair. Thepressuredrop
throughthisrestrictiontillincreasewithincreaseofrateofpressure
changeandmayvaryasthefirst,second,or someintermediatepowerof
therate.At a givenrateof cllmbor descentthiscontributionto the
lagtillbe a slowlyvaryingfunctionofaltitude.Becauseof the ‘-‘-
similarityinnatureitmaybe convenientto estimatethepressuredrop
andtreatitas an increaseintheeffectivelengthofthetubing.In
thesensitivealtimetersthepressuredropthroughtheinletrestrictions
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.

mayaccountf’or5 feetof thelagat 30,000feetperminute,orabout
20 percentof thatobservedinthebetterinstrument-s.

.
Thermaleffects.-Whenanaltimeteror tieroidbaromk is

sub~ectedtorapidincreaseinpressure,theairinsideitisheated
by compression;whenthepressureisdecreased,theairiscooled.If
therewereno thermal-exchangebetweentheairintheinstrumentand”
themetalparts,the.airwouldbe cooledapproximatelyw“ C inthe

—

expansionfromthepressureat sealevelto thatat 3!3,000feet.The
heattransfertothemetalpartsoftheinstrumentis quiterapid,so
thattheactualcoolingisa small fractionofthis. Sincethee~stic”
members(diaphra@mandsprings)haverelativelysmallmassandlarge
area,itisentirelypossiblefortemperaturegradient=of’several
degreestooccurwithinthemechanism.

.—
Althoughthetemperature-

compensationmeanswillcorrectforchan~sm tenqmratureifiallyar~s-”._ ..:
areat thesametemperature,Itisunlikelythatcompletecompensation
fortemperaturegradientsisobtained.Theresultingchangein scale
errormaybe ineitherdirection,dependingonthestructureof the
instrument.Theerrordueto temperaturegradientswillbe roughly
proportionalto therateof altitudechange.

In additionto changesinair.temperaturetheremaybe thermo-
plasticeffectsinthestressedmaterialsthemselves(reference8).
Forberylliumcopper,thevalueofYoung’smodulusunderadiabatic
stressingisgreaterthanthatunderIsothermalstressingby about
1 partiq300. Thereislittlechangeintheshearmodulus.Ifbending
or compressionstressespredominate,a lagofm feetwouldoccurat the
mldpoint~fa veryfastaltitudechangeof30,000feet.

.

Thermaleffectscouldeasilyaccountforlagsoftheorderof ,.

20 feetobservedinthebetterinstrumentstested.Suchlagswouldbe”
●.

expectedtobe proportionalto therateofaltitudechangeandbe quite
regularinbehavior.

Frictioneffects.-Therearesignificantlyhi@ correlations
betweenthelaga+-allratesandtheCoulombfrictionobservedinthe
decayoftransientoscillationsandbetweentheLagandthefriction
withoutvibrationobservedintheordinaryfrictiontest. It–isalso
si~ificant.thatthemaximumlagsobservedin thevariousInstrument
areofthesameorderas themaxtiumvaluesofthefrictionwithout .—

vibration.Thelagat 1000feetperminute(whe~.Coulombfrictionis
presumedto domi~te)wasfoundtohavea highcorrelationwiththe
dynamiclag(presumedto result fromviscousdrag).

Thesefactsindicatea ‘closeconnectionbetweenthelagaruf.rictlon
despitetheapparentdependenceoftheZagontherateof changeof

.—

altitude.Thefollowingissetforthaea @othesis asto therelation
betweenthe”frictionandthelag.

*-“..
-,
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If analtimeterissubjectedtoa slowpressure
vibration,themotionofthepointerisheldbackby
lagisobserved.ThisIRUwillnotchangemuchtith

17

changetithout
frictionanda
rate. Ifvibration

is–present,thepointerti-l.lbe dislodge~fr~ t- to the andtill-
moveup towardthepositionitwouldhaveintheabsenceoffriction.
Aftera shortjumpitwillcatchandstopuntil~.s-lodgedagainby the
vibration.Ifthepressurechangeisslow,thereleasesfromthe
vibrationwillcomesofrequentlythatthepointerwillnotdroplmck
muchbetweenreleases,andthelagwillbe small;ifthepressure
changeisrapid,thepointermayhop backby thefu12amountofthe””
frictionbeforebeingreleased,andthelag@~ be oftheorderof
themaximmfriction.Thereforethelagwillincreasewithincrease.
ofrateofpressurechange,eventhoughtheforcesinvolveddonot
dependon therate.

—

Theincreaaeof lagwithrateis similarto theeffectofa viscous
ret~dingforcemuchlargerthanthatrequiredto accountforthedecay
oftransientoscillations.- themechanismofthesensitivealtimeter
it isdifficulttofindanyexplanationforlargeviscousforces,since
pivotsarefrequentlynotlubricated,andthedragduetowindageand
gaseousflowsis small.It seemsmorereasonabletoassumethatthe.
intermittentactionofthefrictionforcesgivesrisetoa quasi-viscous
drag.Whileitmaybe convenientmathematicallyto treatsuchforces
as trulyviscous,theirtruenatureshouldnotbe overlooked.In
particular,cautionshouldbe exercisedinapplyingtheresultsofone
typeof experiment(forexample,oscillatorydecay)to ve~ different””
phenomena(forexample,lagat substantiallyconstantrateofpressure
oraltitudechange). —.

Thefrictionvariesirregularlywithreading,althoughatany
particularreadingitmayhavea definitereproduciblevalue.For _
example,a rou@ spotonthetoothof a geartillcauseincreased..
friction,whenthatparticulartoothisengaged,alwaysat thesame
reading.Furthermore,at a givenreadingthefrictionmaybe largein
onedirectionandsmallintheother.Thesecharacteristicsare
reflectedintheIrregular,butreproducible,variationof lagwith
readinganddirection. J— .-—-—

Thelagobservationsshowsomeevidenceof oscillationswitha
periodcomparablewiththefreeperiodof themechanism.ofthealtim-
eters.Thismaybe expectedwithirregularfriction.Supposethe
pointerhasbeenarrestedata pointofhi@ fric~.ion,thenbreah free
(oris Jarredfreeby thevibration)andmovesintoa re@onof lower
uniformfriction.A plotof lagagainstt- wouldshowan oscillation
abouttheconstantvalueof thelagcorrespondingtotheuniform
friction.TheinitialdisplacementoftheoscilAtionwillrequql_the
amountby whichthepointerwasheldbackatthepointofarrest,agd

r theinitialvelocitytillequl theaveragerateof changeofreading.
—

A plotof lagagainstpressurealtitudeWU be 8M.Ja.rto thatof.~g
againsttimeifthepressurealtitudeisch@ngingata u@.fo~,ratg.

..—
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A plotof lagagainstnxmdingwild.resemblea cycloidwitha cuspat ,
thepointofarrest.Onefullcyclelatertherewillbe anothercusp,
atwhichthspointermotionwillbe relativelyslowandtheconditions
favorableforanotherarrest.Theprogressafthepointermaythentake
placeh a successionof Jumps,.eachoccupyinga timeequaltothe
periodoffree-pointeroscillation,withintervalsofarrestduring
whichthepointerisstationary.Theexcessof startingfrictionover
slidingfrictionwillsufficetomaintaintheoscillationsoncestarted,
evenintheabsenceoflargeirregularities.Thistypeofyrogressis
easilyobservedwhenthepressureis changingslowlyandtheinstruments
arenotvibrated.Withmorerapidpressurechangesanawithvibration
thearrestaareoccasionalandonlypartialandthepointermotion
appearsmoreuniform.

RelationofDynamicLagandDrift

.

—

.—

-.

Thedifferencebetweenstaticcorrectionsanddynanlccorrections
isidenticalwiththedriftduringtheperiodof 2 to5 minutesspent-

—.

at constantpressurebeforethereadingforthestaticcalibrationis
made.‘l?hecausesenumeratedforthelagmaythereforebe expectedto
contributecomponentsto thedrift.Thus,thelagduetofrictionwill -
bereducedto zeroduringtheperiodat–constantpressureif’theinstru-
mentistapped,andtheeffectsoftemperaturechangestilldisa~pear
as theinequalitiesof temperaturedecay.

..
Thecomponentsofdrift

associatedwiththelagmaybe expectedtobe effectiveoverrelatively
shorttimes.The”longtimecomponentsofdrift;whichchangelittile 2:.=
overa periodofhoursor days,willpersietoverthe~ole ofa rapid
pressurechangeandcontributelittletothelag. However,thelong

.=

time componentsofdriftmaycausea shiftof thestaticanddynamic .
calibrationsofa sensitivealtimeterby asmuchas 50fe%tinthefirst

. .

ascentaftera longtimeonthegroundor inthefirstdescentaftera
numberof--hoursathighaltitude.Thus,foran altimeterthat-hasnoti
beenflownfora longtimeandthenistakenonan extendedflight-at”
hi@ altitude,thsinstrumentmaybe expectedtoreadlowintheascent
andhighinthedescentso thatthewidthofthe.hysteresisloopis
increased.

Onlyvery scantydataon
quantitativeinformationmust

thesepheno~”are availableand
~

.—
awaita laterinvestigation.

CONCLUSIONS -

Withtheaidofthecheck-valvemancsneter.anda photographic
.

tahniqueit--ispossibletomakedynamiccalibrationsofalt~eters ●

andaneroidbarometersat simulatedratesofaltitudech&ngeupto
.-

30,000feetperminute.Theaccuracyofsuchdynamiccalibrations
comparesfavorablywiththatof
andat lowrates,3000feetper
maybe evenmorereliable.

theconventionalstaticcalibration; .
minuteor less,thedynamiccalibrations .-
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Dynamiccalibrationsagainstanabsolutestandardareextremely
laborious,andithasbeenfoundconvenienttorepI&ce-tIi6check-valve
manometerwttha largeprecisionaneroidbarometerofa designwhich
makesfornegligiblelag. Withreasonable~recautionsthelaborof.a
dynamic.calibrationcanbereducedtremendouslywithsmalllossof
accuracy.

Whenthehi@estaccuracyis desiredinthecalibrationofan
altimeter,it shouldbe testedundertheexactconditionsofuse,as
regardsprevioushistory,dlrectlonandrateofapproachto important
readings,andsoforth.Thistillmostprobablytaketheformofa
historytestendispossibleonly in exceptionalcircumstances.

Usuallyitwillbe acceptabletomakea determinationofaverage
lagforthealtimeterinquestion,under.theconditionsofuse,andto
applythecorrespondingcorrectionsto dd.readingsunderconditions.....
ofuse. Thebulkof thetestscanthenbe underthemerefamtliar

.—

staticconditions.Ifan averagevalueofthelagis tobe used,it —

is imperativethatthealt~ter be selectedforlowand,whichismore
important,uniformlag. -.

Thetestsdescribedinthisreportindicatethatlargeand
irregularlagsareassociatedwithlarge valuesofpointerfriction.
In thisre~rd,thebestof the35,000-footaltimeterstillprobably
havea lagoftheorderof5 to 10feetat lowratesand20 to 30 feet
at 30,000feetperminute,whilethesensitivealtimetersof50,000-foot
rangewill.probablyshowsomewhatgreaterandmoreerraticlags. .

A practicalcomparisontestcouldbe setup on-thefollowinglines:
Asmanyaltimetersas canbe photographedconvenientlyareplacedina
testchaniberwithsuitablebuzzersandsub~ectedtopressureschanging
atanydesiredrate.Readingscanbe photographedby a motion-picture
cameraorby a stillcameratithstroboscopiclight.At anytestpoint
observationsshouldbemadewithpressuresincreasinganddecreasingat
thesamerate. Emtrumentswithlargehysteresisor thoseexhibiting
irregularitiesinpointern.mtionshouldberejected.A precision
aneroidbarometer.couldbe usedasa standardorthemeanof severalof
thebetteraltimeterscould-beusedasa reference.

A stiplefrictiontestor observationson thedecayof oscillations
maybe usedforeliminationof instrumentswhichtillprobablyhave
unsatisfactorylagcharacteristics. — -—-—
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In designinganaltimeterforlowdynamiclag,thefrictionshould
.

bemadeas smallaspossibleby goodworlcnanshipandby usinga simple
mechanism.Restrictionstoairflowshouldbe reduced-toa
Thelagintheelasticresponseshouldbe
Inaterlals.Cautioususemightbe madeof
lagcompensation.

NationalBureauofStandards
Washington,D. C.,February20,1946
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ARENDDI

‘iHEORYOFCHECK-VALVEMANOMETER

Fora manometerofuniformborewithviscousdamping,thefollowing
differentialequationcanbe showntoapply

where

h

P

t

L

g

D

Ld2h+Ddh.—
2g dt2

~+h=p
-.

..(i) ‘“

heightor differencein levelbetweenHquid surfacesin — —-—
ma.mmeter

differential

t-

totallength
allowance

acceleration

—

pressure

of liquidcolumn,includingbothlegsand
forthebend

dueto gravity

dampingcoefficient

Any convenientunitscanbe usedfor h and p, providedthat
theyarethesame.Theunitsfor t, L, g, and D (whichhasthe
dlymnsionsof time)mustbe consistentwitheachother,butnot
necessarilywiththosefor h and p. —.— —.

Oncethecoefficientsinthedifferentialequationhavebeen
deteminedthedifferentialpressurecanbe calculatedfromtheobserved
valuesof h anditstwoderivatives.At leastthreeobservationsat

.-

timeIntervahwhichareshortinrelationto theperiodof oscillation
ofthemanameterarerequiredtodetefinethederivatives.In practice,
evenan approximatedeterminationofthesecondderivativerequires
observationsnotmorethan0.05secondapart.Thisissomewhattoo
shorta timeintervalformst work. Ithasbeenfoundpreferableto
useonlyobservations-de whentherateof changeof h is substan-
tiallyconstant.

. If thevalueof h isobservedtobe changingata uniformrate,
thefirst(acceleration)ten”inthedifferentialequationdropsout
andthepressureis givenby:

.
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.

(2)
.

Thentke.pressurecanbe determinedfrcmtheobservedheightandits
derivativeifthedampingcoefficientisknown. —

In general,when& changinglevelisfirstobservedinthe
manometer,oscillationstiesuperimposed..ontheuniformmotion.In a

..—

properlydesignedmanometertheoscillatlona
becomenegligiblebeforethelevelhasmoved
observation.

Itwillbe convenientinthediscussion
to substituteinequation(1):

and

decayrapidlyandmay
outoftherangeof’

oftransientoscillations

(3)

—

—

(4)

where cos8 isequaltotheratioofthedampingcoefficientto that
requiredforcriticaldamping.Equation(1)becomes:

.

1 d2h~ 2cos8dh—— ‘~+h=p (5)~2 ~t2 u

Assumethpmanometertobe subjectedtoa differentialpressure
givenby:

p.~i-~t

where PO isthepressureatwhichthecheckvalve
therateof increase(assumedconstant)ofpressure
thecheckvalveopensattbe t = O, theliquidin
remainstationaryata height~ correspondingto

(6)
I

opensand ~ is
withtime.Until
themanometerwild.
Po“ Afterthe

checkvalveopens,thedifferentialequation(5)applies..Thatthe
followingequationsforma solutionofthisdifferential.equationcan - -.:
be verifiedby substitution:
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.

.

Theinitial
expressionsfor

ml” “ ~wt COB8
== P-p sin8

d2h—= 5 m sin(atsin5) -@Gcos8
dt2 Sln0

conditionsaresatisfiedsincefor
h anditsfirstderivativereduce

“2cos8+~ sln28h=po-p~
m sin0

. p.

Thetransientoscillations,representedby the

t = O, the
to:

(8)

(9)

(lo)

(U)

lasttermof
equation(7),decayexponentiallyandeventuallybecomenegligible.
Equations(7)and(8)thenreduceto:

h 2 Cos8.po+;t-$y (12)

and

dll”
Z“P

By useof equations(k)and(6),equation(12)canbe reducedto
equation(2). Therateof decayofthetransientoscillationsis
determinedby thee~nent:

.

\
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%at
-& cos8=.-

.s+ (13)

D and L areconsideredtobeIf,asa firstapproximation,
independent,therateofdecayisdecreasedby increaseof L, and
increasedby Increaseof D. On theotherhand,theamplitudeof the
oscillationterminvolvessin8 inthedenominatorandbecomeslarge
as 8 approacheszero~d cos 5 approaches~ity. ~erefore the

daDIpiIIg shouldbe chosensothat cos8 is so~whatlessthanI. fi
practicetheoptimumvalueof cos5 isabout0.8,butisatisfactory
useofthemanometercanbemadewith‘COS8 between0.4and0.9.

Therateofdecayoftransientsdecreaseswithincreaseof L.
Also,theamplitudeincreaseswithIncreaseof L becauseof the
appearanceof u inthedenominator.Forthesereasons,itis
desirabletomake L as small.asfeasiblewhenquickresponseto
suddenpressurechangesisdesired.Witha manometerforwhich L is
lessthanabout~ centimeters,itispossibletohavea periodof
oscillationlessthan1 second.Withoptimumdamping,thetransient
oscillationsmaybeneglectedaftera time of theorderofa halfthe
periodofoscillation.Witha smallmarmneterit isthereforepossible
toobtainaccurateobservationsonrapidpressurechanges,provided
thattheratecanbeheldconstantformorethana halfsecond.The
upperlimit-fortherateofpressurechangeissetby therequlrement—
thattherangeofthemanometerisnotcovered-inlessthantheperiod
ofoscillation.

Forphotographicobservationa manometerliquid.of density
comparablewiththatofwaterIsdesirable,andconsequentlythe
manometercancove~onlya limitedpressurerange.Whenthemanometer
istobe usedformeasurementsover partofa large pressurechange,
checkvalvesareessentialto preventtheliquidfromspillingover.

At thebeginningof--thetheoreticaldiscussion,thesimplifying
assumptionsofuniformboreandviscousdampingweremade. Neitherof
theseholdsfora realman~eter.In general,to obtainsatisfactory
dampingitisnecessaryto constrictithetubeatthebendortointwr-
posesomeotherrestrictiontotheflow.Whenthecrosssectionof a
tubeIsreduced,theeffectivelengthisincreased.Thereforethe
contributionofthebendtothelengthL ismuchincreased.The
effectivevalueof L wasobtainedfrommeasurementsonphotographsof
themanometerat Intervalsof 1/30second,after.a.largedifferential
pressurehadbeenreleased.By calculationof h..and..itsfirstand
secondderivativesat varioustimesandsubstitutioninequation(l),
approximatevaluesof L and D couldbe obtained.Thiswaschecked
by a determinationof Q by timingoscillationsinthemanometerwhen
itwasfilledwitha liquidoflowviscosity.By bothmethods,the

.—

—

.



NACATNNO.1562 25

valueof u)2wasfoundtobe about75,andtheeffectivevalueof L
wasthereforeabout26 centimeters.Themeasuredlengthoftheliquid
columnwas20 centimeters,sotheincreasedueto therestrictionwas
6 centimeters.

Thedampingina realmanometerdepartssignificantlyfromviscous
dampingbecauseof lossesproportionalto thesqyareof thevelocityof —
theliquid.Therefore,thedampingcoefficientD inequations(1)
and(2)isnota constantbutisa linearfunctionoftheabsolute
ma~itude ~II of therateof changeofheight;thatis,

(14)

TheMg correctionp - h = D% tobe appliedtothereadingsofthe

manometerbecomesa quadraticfunctionof therateof changeofheight,

P -h =% ~+D1 II!2L$ (15)

in whichthesquaredtermalwayshasthesamesi~ as thelinearterm.

Withsi~ificantdeparturefromviscousdamping,the~thematical
analysisbecomesmoredifficultanda generalequationforthetransient
osci~tionscouldnptbe obtainedina formsuitableforpracticaluse.
Approrhnatesolutionsin certainspecialcasesindicatea qualitative
similarity,providedthatthedampingratio cos8 is givena suitable
averagevalue,whichincreaseswithincreaseof therateof changeof

Thechoiceoftheeffectivevaluesof L and cos8 in
thepresenceofnonlineardampingfollowsthesamegeneralcmsiderations
as thoseoutlinedforlineardamping.Butthemethodofevaluatingcos8
and L fromthedecayofa tr~sientoscillationandobtainingD from
equation(4)isnotapplicable. .—

Whentheheightis increasingat a constantrate,thelagcor-
rectionp - h.maybe assumedtobe equalto thepressureAp required
toforcetheliquidthroughtherestrictionfromthefalllngto the
risingsideofthemanometer.If thevolumeflowthroughthebendis V
andtheareaof thetubesis a, thelevelrisesinonesideata
rate V/a andfallsintheotheratthesamerate.Th6differencein
levelchangesata rate

(16)- —

,



26 NACATNNO.1562

Equation(15)thenbecomes:-

Ap=~-h

=Doa
()
2V2‘+D1~ (17)

when h is increasing.(Whenh isdecreasingthetermsin V
and V2 arebothnegative.)

ABsuminglaminarflowandincludi~endb ~endlosses,theloss
ofhead Ah acrossa restrictionisgivenby:

—

.

—

or

-—
where u istheabsolutevjscoslty,p Isthedensi~oftheliquid,
and k and a areconstants.

and

Camparingeqtition~~17)and(18)itisseenthat
,.

Do . La =
Pg?

1

J.

.

...——
—

(19)

-.

Measurementsweremadeon liquids forwhichthevaluesof u/p were
between1 and20 centistokesandwithrangeof’flowwhichexberdedto
higherratesthanwereexpectedtobe usedin”themanometer.Allthe
datacouldbe represented-byequation(18)withintheaccuracyofthe
measurement.Fornormalbutylphthalateat 25QC

( )
L&= 15.6centigtjokes
P

thevalueof ~ was0.078 f 0.003secondandthatof D1 was
0.0009f 0.0001second2permillimeterofmerc

● _
Ury.

Theeffectivevalueof cos8 correspondingto thisdampingis
between0.35andO.@when theoscillationsaresuprimyosedon slowly

.
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changingreadings,andrisesas therateofpressurechangeincreases.
Optimumdamping(COS8 about0.8)isreachedatratesofpressure .- .-

changein excessof~ millimetersofmercurypersecond,corresponding
toa rateof climbor descentofmorethan200,000feetperminute.

Thedeterminationofthelagcoefficientby thecontinuous-flow
methodissubjecttosomeuncertaintybecauseofthepossibilityof
energylossesat thetopsoftheliquidcolumn.Thelossesbetweenthe
twopressuretaps,locatedin thecenterof lengthsof strai~tpipe,
witha continuousstreamof liquid,mighttifferfromthelossesbetween
twoliquidsurfaces. —

Observationsoftheoscillationsofthemanometerliquid,after
thesuddenreleaseofa pressureof about10millimetersofmercury,
provideda checkon thevalueof D at a rateof pressurechangeof
theorderof@ millimetersofmercurypersecond,aboutdoublethe

—

highestencounteredinthedynamiccalibration.Agreementwiththe
continuous-flowtestswastithinabout0.005second,corres~ondingto
an uncertaintyinthelag?zwamrementof lessthan3 feetofaltitude
forrateofascentor descentup to 30,000feetperminutOl._ -.
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TABLEII
.

DYNAMICLAGOFCONTACTINGAIICIMETERSUSING

ANEROID-BAROMETER91wmARD

[Decreasingaltitudeonly.]

Averagepressure
altitude(ft)at
contactfor

altimeter746”at
descentof -

20,000
ft/min

10,2k5

8,544

7,091

5,878

4,893
4,0&)

3,419

2,830

2,346

1,938

1,622

1,309

f?&

m,275
8,574

7,104

5,%4
4,911

4,097

3,427
2,857

2,361

1,954

I, 623

1,346

2Jmalnic
Lagfor
altim-
ater746

(ft)
(1)

30

. 30

13

25

18

17

8

27

15

16

1

37

Averagepressure
altitude(ft)at
contact-for

altimeter742at
descentof -

20,000
ft/ilin

10,260

8,568

7,u22

5,942
4,951

4,0g6

3,425
2,877

2,373

1,979

I, 658

1,356

1000
ft/ml.n

10,297

8,662

7,202

6,0w

4,972

4,137

3,460

2,898

2,417

2,012

I, 695

1,386

t

Dynamic
lag for
altfi-
eher742
(ft)
(2)

37

94

80

70

21

41

35
21

44 ‘

33

37
30

=Z=””.
z~eanlag,20;averagedeviation,?8.
Meanlag,45;averagedeviation,*18.

.
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TABIE III

ESITMMTOFERRQllSll?PRIMARYD?lllMICCAHBIWl?IOIEAT

PmHslEmmlzl!m msmnowI.o,oool?EEr

. Error(ft)atratesof-
source

MO ft@n 30,003ft/nllIl

Mercurialbarcmteter 1 1

Readingoi’check-valvemmomter 2 b

SurgesInballastvohm 1 2

Lagofnwmmeter o 3

Pressuredropinllne~ o 2

Surfacetensioneffects 1 2

Tranaientoscillation o 5

Maximumerror 5 20

Probableerror 3 10
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Figure2.- Photographicobservationsin primarydynamic
calibration. Rateof ascent, 1100feet per minute.
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Figure3.- Photographicobservationsin primarydynamic
calibration. Rateof ascent, 30,000feet per r&n&e.
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Figure4.- Check-valvemanometer.
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Figure 8.- Photographicobservationinprimarydynamiccalibration,I&ASofdescent,
20,000feetpertiute.
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READING, MILLIBARS

Figure9.- Dynamicscalecorrections;WallacesndTiernanprecisionaneroidbsxometerin
cyclesbetweenOand20,000feet.Tailspointtowardprecedngreadinginpointoftime. *

Rateofchangeofpressweindicatedbylengthoftail.
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